Application of silica nanoparticles as fillers in the preparation of nanocomposite of polymers has drawn much attention, due to the increased demand for new materials with improved thermal, mechanical, physical, and chemical properties. Recent developments in the synthesis of monodispersed, narrow-size distribution of nanoparticles by sol-gel method provide significant boost to development of silica-polymer nanocomposites. This paper is written by emphasizing on the synthesis of silica nanoparticles, characterization on size-dependent properties, and surface modification for the preparation of homogeneous nanocomposites, generally by sol-gel technique. The effect of nanosilica on the properties of various types of silica-polymer composites is also summarized.
Introduction
Nanotechnology is rapidly sweeping through all vital fields of science and technology such as electronic, aerospace, defense, medical, and dental. This involves in design, synthesis, characterization, and application of material and devices on the nanometer scale. At the nanoscale, physical, chemical, and biological properties differ from the properties of individual atoms and molecules of bulk matter. Therefore, it provides opportunity to develop new classes of advanced materials which meet the demands from high-tech applications [1] [2] [3] [4] [5] .
Development of ceramic nanoparticles with improved properties has been studied with much success in several areas such as synthesis and surface science. Examples of ceramic are silica, alumina, titania, zirconia, silicon nitride, silicon carbide, and so forth. Advancement in nanotechnology has led to the production of nanosized silica, SiO 2 , which has been widely used as filler in engineering composite. The silica particles extracted from natural resources contains metal impurities and not favorable for advanced scientific and industrial applications. Thus, focus is given to synthetic silica (colloidal silica, silica gels, pyrogenic silica, and precipitated silica), which is pure and produced mostly in amorphous powder forms compared to natural mineral silica (quartz, tridymite, cristobalite) which are in crystalline forms [6] . As shown in Figure 1 , various methods that have been used to obtain silica particles can be categorized into two main approaches: top-down and bottom-up [2, 7] . Top-down is characterized by reducing the dimension of the original size by utilizing special size reduction techniques (physical approach). Bottom-up or chemical approach involves a common route used to produce silica nanoparticles from atomic or molecular scale. Some of the widely used methods to synthesize silica nanoparticles are sol-gel process, reverse microemulsion, and flame synthesis. The sol-gel process is widely used to produce pure silica particles due to its ability to control the particle size, size distribution and morphology through systematic monitoring of reaction parameters. This paper will focus on the aspect of synthesis, sizedependent properties, and surface modification of nanosilica toward preparation of nanocomposites, generally by sol-gel. Although numerous works on the preparations of silicapolymer nanocomposites are reported in the literatures, the focus on the above aspect is lacking.
Synthesis of Nanosilica
Some of the methods used to synthesize silica nanoparticles are reverse microemulsion and flame synthesis and widely utilized sol-gel. In reverse microemulsion, the surfactants molecules dissolved in organic solvents forms spherical micelles. In the presence of water, the polar head groups organize themselves to form microcavities containing water, which is often called as reverse micelles. The method was recently reviewed by Tan et al. [8] . In synthesis of silica nanoparticles, the nanoparticles can be grown inside the microcavities by carefully controlling the addition of silicon alkoxides and catalyst into the medium containing reverse micelles. The major drawbacks of the reverse microemulsion approach are high cost and difficulties in removal of surfactants in the final products. However, the method was successfully applied for the coating of nanoparticles with different functional groups for various applications [9, 10] .
Silica nanoparticles can also be produced through high temperature flame decomposition of metal-organic precursors. This process is also referred to as chemical vapor condensation (CVC) [11] . In a typical CVC process, silica nanoparticles are produced by reacting silicon tetrachloride, SiCl 4 with hydrogen and oxygen [6] . Difficulty in controlling the particle size, morphology, and phase composition is the main disadvantage of the flame synthesis [2] . Nevertheless, this is the prominent method that has been used to commercially produce silica nanoparticles in powder form.
Synthesis of Nanosilica Particles by Sol-Gel Process
For decay, the sol-gel process is widely applied to produce silica, glass, and ceramic materials due to its ability to form pure and homogenous products at mild conditions. The process involves hydrolysis and condensation of metal alkoxides (Si(OR) 4 (e.g., NH 3 ) as catalyst [12] [13] [14] . A general flow chart for solgel process which leads to the production silica using silicon alkoxides (Si(OR) 4 ) is shown in Figure 2 . The general reactions of TEOS that leads to the formation of silica particles in the sol-gel process can be written as [13] [14] [15] [16] [17] [18] :
The hydrolysis of TEOS molecules forms silanol groups. The condensation/polymerization between the silanol groups or between silanol groups and ethoxy groups creates siloxane bridges (Si-O-Si) that form entire silica structure. The formation of silica particles can be divided into two stages: nucleation and growth. Two models, monomer addition [17, 18] and controlled aggregation [15, 19] , have been proposed to describe the growth mechanism of silica. The monomer addition model describes that, after an initial burst of nucleation, the particle growth occurs through the addition of hydrolyzed monomers, the (primary) particle surface. By contrast, the aggregation model elaborates that the nucleation occurs continuously throughout the reaction and the resulting nuclei (primary particles) will aggregate together to form dimmer, trimmer, and larger particles (secondary particles). Both models lead to the formation of either spherical or gel network depending on the reaction conditions as shown in Figure 3 .
Many attempts were made by several researchers [19] [20] [21] [22] to determine the size of the primary particles, using various techniques as tabulated in Table 1 . Through SAXS, Green et al. [22] reported that the size of primary particles was 10.3 nm (in methanol) or 20.7 nm (in ethanol). Later, Rahman et al. [23] produced a homogeneous and stable silica nanoparticles with mean particles size of 7.1 ± 1.9 nm (in ethanol).
A pioneer work on the synthesis of spherical and monodispersed silica particles was reported by Stöber et al. [14] . Silica particles with the size ranging from 5 to 2000 nm from aqueous alcohol solutions of silica alkoxides in presence of ammonia as catalyst (basic condition) have been produced. Following that many contemporary research works describing the synthesis of nanosilica particles are indeed evolved from the Stöber method. The main advantage of Stöber method is the ability to form monodispersed spherical silica particles compared to the acid-catalyzed systems which usually result gel structures.
Optimization of Reaction
Conditions . An optimized synthesis condition is a combination of optimal values of each reaction parameter of sol-gel method that could produce smallest, homogenous, and monodispersed silica nanoparticles. In principle, smaller nanoparticles are obtained by controlling (slowing down) the rate of polycondensation reactions through manipulation of reaction parameters [19, 24] . Most of the works agreed that the particle size increased with increase in ammonia concentrations [19] [20] [21] [22] [23] [24] [25] . [22] .
shows different size of silica obtained by controlling reaction parameters. The addition of small amount of anion electrolyte additives (ammonium salts of Br, I, and Cl) produced monodispersed silica particles ∼20 nm to ∼34 nm [26] depending on the anions used. The phenomena were explained by conductivity profile during the process as alternative to normally using zeta potential. It was found that all anions were able to reduce the particles size by 73-78%, among them, Br and I − have the highest effect while Cl − has the least effect. The synthesized silica powder was free from cation impurities.
By fixing concentration of reactants and temperature, the particle size and particle distribution of silica nanoparticle were highly dependent on mixing modes [27] . Mode-A has produced monodispersed powder with average particles size of ∼10 nm. The use of freeze dryer has further improved the quality of powder ( Figure 5 ).
In continuing attempts to reduce the size of nanosilica by researchers, a homogeneous, highly dispersed, and stable silica nanoparticle of ∼7.1 nm in the primary size range was reported by Rahman et al. [23] at the optimum conditions of sol-gel process, under the influence of low frequency ultrasound. The optimized technique developed is simple and reproducible, affording a high yield of ∼75% of nanometer silica in a primary size range.
It is obvious that the optimum reaction conditions for a particular system can be systematically set in order to produce a desired particles size and morphology of silica particles.
Drying and Agglomeration
Phenomena. Drying is a simple process which involves fluid to solid transition leading to the formation of solid materials. Yet it is an important step towards producing powdered silica nanoparticles. Works on the drying of silica gels can be found in various review papers and books [6, 13, 16] . Supercritical drying, freeze drying, spray drying, and thermal drying are some of the common techniques used to produce particulate solid materials from the liquid phase. Collision and coalescence of the nanoparticles are the main factors that govern the extent of agglomeration in a nanoparticles powder system. Also, the intense ageing process that occurs during the drying of sol can lead to complex agglomeration behavior arising from polycondensation reactions [13] . In addition, the polycondensation reactions between the silanol groups have been reported to increase in presence of water and catalyst [13, 16] . Figure 6 illustrates the effect of drying conditions on the morphology of the silica nanoparticles. A careful controlled drying process leads to the formation of well-dispersed particles, whereas drying in the presence of water can result in agglomeration phenomena. Production of highly dispersed nanoparticles powder is still a challenge owing to the fact that these particles were highly sensitive to the processing conditions. In preparation of silicapolymer nanocomposite, the presence of agglomerates can significantly reduce the silica loading, resulting in reduced thermochemical properties. However, works on controlling the agglomeration of nanosilica via effective drying process are lacking. Thus, this paper shows that it is important to effectively discard water from the colloidal system to reduce the agglomeration level during the drying process.
The strength of agglomerates was largely depending on the solubility of the nanoparticles [28] . The strength of water-dispersed agglomerated was found almost three times higher compared to the ethanol dispersed agglomerates due Journal of Nanomaterials to the presence of moisture. In aqueous system, the agglomeration behavior was caused by condensation reactions at the interparticle contacts during the drying process. In addition, Brownian motion, hydrodynamic effect, and capillary drag during the drying process can also contribute to the agglomeration behavior. Thus, agglomeration of nanoparticles during drying process could be effectively reduced by using ethanol as the suspension medium. Rahman and coworkers [29] have described the effect of alcohol dehydration, freeze drying, and oven drying techniques on the size, size distribution, dispersion, and agglomeration of ∼7 nm nanosilica produced by sol-gel. The results revealed that alcohol dehydration was an effective technique to produce silica nanoparticles with improved dispersion and reduced agglomeration.
Size-Dependent Properties of Silica Nanoparticles.
The properties of nanomaterials are usually size dependent. The nanomaterial often exhibits unique physical and chemical properties compared to the bulk counterparts. As described earlier, literatures describing the size-dependent properties of silica nanoparticles are not much available. Some of the properties such as specific surface area and photoluminescence properties with respect to the particle size are scarcely reported. Therefore, in this section, some general size-dependent properties of nanoceramics will be briefly discussed.
Physiochemical Properties.
The amount of atoms residing on the surface increases with the decrease in particle size [2] . For silica nanoparticles smaller than 5 nm, more than half of the Si atoms are present on the surface. Thus, the surface should have one or more silanol groups (≡Si-OH) [16] . Therefore, the extent of chemical modification of silica such as grafting of organofunctional groups and incorporation of metal ions highly depends on the concentration of silanol groups per grams of silica. The number of silanol groups per unit area of silica provides information regarding the distribution of silanol groups on the silica surface [30] . The concentration of silanol groups increases with the decrease in the particles size which is interrelated to the specific surface area (Figures 7 and 8) . However, the silanol number decrease with the decrease in the particle size suggests that these nanoparticles could be chemically reactive, therefore suitable for catalyst applications.
Unusual adsorption properties are one of the remarkable properties of ceramic nanoparticles. Compared to the conventional and commercial counterparts, the nanoparticles shows enhanced ability to chemically adsorb and even disassociate a variety of hazardous organic molecules [2] . This unique adsorption property is directly related to the increase in surface area at nanoscale [31, 32] .
Thermal and Mechanical
Properties. Nanosize powders were found to compact easily, and the sintering temperature also significantly reduced compared to the conventional microsize powders. For example, the sintering of ∼20 nm fumed silica particles up to transparency was achieved at 1200
• C [33] compared to the 1.6 μm particles, which requires up to 1600
• C to achieve transparency [34] . This unique sintering property is attributed to the high surface area of the nanoparticles which provides higher particle contacts than the conventional particles. Besides, ceramic nanoparticles also exhibit reduced brittleness and enhanced ductility. These interesting properties make the materials made from nanoscale ceramics more reliable compared to the conventional ceramics.
Optical Properties.
Silica nanoparticles have been widely studied owing to several interesting optical phenomena caused by point defects generated from any defect imperfect SiO 4 continuous network, including oxygen and silicon vacancies. Numerous typical defects for silica nanoparticles, for examples, surface E centers (paramagnetic positively charged oxygen vacancies, ≡Si
• Si≡, or neutral dangling Si bonds, ≡Si
• ), self trapped exciton (photoexcited electronhole pairs; STE), nonbridging oxygen hole centers (NBOHC; dangling oxygen bonds, ≡Si-O
• ), neutral oxygen deficient centers (ODCs; ≡Si-Si≡), twofold coordinated silicon lone pair centers (≡Si-O-Si-O-Si≡) hydrogen-related species (≡Si-H and ≡Si-OH), and interstitial O 2 molecules [35] [36] [37] [38] [39] . These point defects can also be divided into two groups: paramagnetic and diamagnetic. Paramagnetic defects have optical absorption which represents half-occupied energy level in the optical band gap. Thus, hole transition or electron transition to the valence band is possible. Diamagnetic defects have absorption band associated with electron transition to the conduction band [38] . These defects and their combination are able to exhibit diversity of absorption and PL bands in broad range of wavelength, near-infrared, visible, and ultraviolet (UV). Hence, optical absorption and photoluminescence (PL) become two useful tools for monitoring optical changes resulting from structural defect at the nanoparticle bulk and surface.
Chen [40] discovered a unique blue shift in the blue band (2.8 eV) of the photoluminescence (PL) spectra while studying the PL behavior of 7 and 15 nm silica particles. The blue shift was reported to originate from electron-hole recombination of the self-trapped exciton (STE) in smallersized silica nanoparticle. The green (2.35 eV) and red (1.9 eV) bands in the PL spectra were attributed to the hydrogen-related species and nonbridging oxygen in the silica nanoparticles, respectively. This proved that the PL behavior arises from the phonon-assisted PL due to the thermalization of the silica nanoparticle system during laser irradiation. Rao et al. [25] reported the width of UV-Vis absorption peak at ∼525 nm varies with particle size. The change is believed due to the different interactions between different sizes of silica nanoparticles. However, a clear understanding on the relationship between the particle size and particle-particle interactions is not elaborated.
Relating to the discussion above, the optical emission properties of different size of silica nanoparticles have been characterized by using PL spectroscopy [30] . In general, the spectra contain two main bands located in the green (∼2.35 eV) and blue (∼2.85 eV) spectral ranges ( Figure 9 ). These two bands were clearly observed for all the samples except for ∼369 nm silica (only green band at very low intensity was observed). This indicates that silica particles equal or larger than ∼400 nm are relatively less PL active.
The green band is attributed to the presence of Si-H species at the silica surface [41, 42] . A water molecule (retained by silanol groups) that is confined between two nanoparticles is expected to produce two Si-H species. Due to the silanol concentration increased with the decrease in the particle size, the concentration of Si-H species are expected to increase in the same manner. This explains the increase in the green band intensity for the silica nanoparticles is about ∼369 ∼130 <∼21 <∼7. The slight blue-shift observed for the green bands of ∼7 and ∼21 nm relative to other sizes could be attributed to the stabilization of Si-H species through intraparticle and/or interparticle interactions. On the other hand, the blue band observed for ∼7, ∼21, and ∼130 nm has been suggested to originate from electron-hole recombination of self-trapped exciton (STE) [40, 43] and oxygen-deficient centers (ODC) (neutral oxygen vacancies: ≡Si-Si≡ and twofold coordinated silicon defects: ≡Si-OSi-O-Si≡) [44, 45] . The increase in intensity of the blue band with the decrease in the particle size ( Figure 9 ) could be due to higher concentration of defect sites (STE and ODC) at smaller particle sizes. These findings are almost consistent with results obtained by Chen [40] . In contrast, we did not observe any red band or blue-shift (for the blue band) which is possibly due to the different origins of the silica used in both studies (Aerosil, Degussa versus inhouse silica nanoparticles). In general, the unique optical properties of silica nanoparticles, especially below 10 nm, can be further enhanced by incorporation with functionalized groups or metal ions to yield unique optical devices and offer additional advantages associated with a lower-temperature fabrication procedure.
Silica-Filled Polymer Nanocomposites
One of the prominent applications of silica nanoparticles is as fillers or reinforcement in advanced composite materials. One of the important aspects of silica-polymer nanocomposite is the ability to attain homogenous filler dispersion, which determines the overall performance of the nanocomposites. Chemical modifications of silica (filler) surface and effective mixing method are two main routes that can lead to homogenous filler distribution. On the other hand, the performance of a nanocomposite also depends on the type of polymeric matrix used.
The following sections briefly review the important aspects of silica-polymer nanocomposites, as stated above, such as chemical modification of silica surface, the preparation method for nanocomposites, and the effect of silica nanoparticles on the properties of nanocomposites. Figure 9 : PL spectra of different sizes (S7 = ∼7 nm, S20 = ∼21 nmm, S130 = ∼130 nm, S400 = ∼369 nm) of silica nanoparticles [30] .
Chemical Modification of Silica
is an important step towards the preparation of silica-polymer nanocomposites. More precisely, the surface modifications have been reported to enhance the affinity between the organic and inorganic phases and at the same time improve the dispersion of silica nanoparticles within the polymer matrix [3, [46] [47] [48] [49] [50] [51] .
Modification of silica surface with silane coupling agents is one of the most effective techniques available. Silanecoupling agents (Si(OR) 3 R ) have the ability to bond inorganic materials such as silica nanoparticles to organic resins. In general, the Si(OR) 3 portion of the silane-coupling agents reacts with the inorganic reinforcement, while the organofunctional group (R ) reacts with the resin. Table 2 shows some of the common silane coupling agents used for modification of silica surface.
In general, the chemical modification of silica surface using silane coupling agents can be conducted via aqueous or nonaqueous system that is also known as postmodification. The nonaqueous system is usually used for grafting APTS molecules onto the silica surface. The main reason for using non-aqueous system is to prevent hydrolysis. Silanes such as APTS which carries amine groups (base) can undergo uncontrollable hydrolysis and polycondensation reactions in the aqueous system. Therefore, the use of organic solvent provides a better control of reaction parameters and preferred for coupling reaction using APTS. For nonaqueous system, the silane molecules are attached to the silica surface via direct condensation reaction and the reaction usually conducted at reflux conditions [6] . On the other hand, the aqueous system is favorable for large-scale production. In this system, the silanes undergo hydrolysis and condensation before deposition on the surface (Figure 10 ). The alkoxy molecules are hydrolyzed in contact with water. This is followed by self-condensation reactions between the hydrolyzed silanes. Then, the silane molecules are deposited on the silica surface through formation of siloxane bonds between the silanol groups and hydrolyzed silanes with the release of water molecules [6] .
Surface modification of silica nanoparticles can be carried out by using various types of silane coupling agents such as aminopropylmethydiethoxy silane (APMDS) and methacryloxypropyltriethoxysilane (MPTS) via nonaqueous and aqueous route [46, 47] . A slight increase in the particle size (∼25%) after the surface modification was observed [47] .
Sun and coworkers [52] reported the effect of surface modification on the dispersion of silica nanoparticles for potential application as underfill material in semiconductor packaging. Two types of silanes: aminoethylaminopropyltrimethoxy-silane (AEAPTS) and 3-glycidyloxypropyltriethoxysilane (GPTS) carrying amino and epoxy groups, respectively, were used to activate the surface of 90 nm silica particles.
The treatment of nanosilica by epoxy silane with a longer reaction time and lower silane concentrations assisted with pretreatment by sonication can achieve monodispersed silica in polar medium. Both modification reactions were conducted via aqueous route. It was reported that the epoxy silane was more effective in dispersing the silica nanoparticles compared to the amino silanes due to the absence of hydrogen bonding between the particles. The total loading of amino and epoxy silanes were found to be 9.75% and 10.12%, respectively. In a much recent work, Pham et al. [49] conducted surface modification on 30 nm colloidal silica particles using 3-aminopropyltrimethoxysilane (APTS) and Journal of Nanomaterials 3-aminopropyldimethylmethoxysilane (APMS) under aqueous conditions. The irreversible aggregation of silica nanoparticles in colloidal form can be controlled by keeping the trimethoxysilane to silica ratio low while mixing and reacting the two slowly or by using monomethoxysilane as the aminosilane surface modifying agent. These studies indicate that, for an efficient surface modification using the silane coupling agents one, must use low concentrations of silane solution and longer reaction time.
Vejayakumaran et al. [53] successfully grafted amino group onto ∼7 nm nanosilica in nonaqueous by using APTS. The grafted silica particles were further grafted with BMI monomer to form Si-BMI nanocomposite via nucleophilic addition as shown in Figure 11 .
One-pot synthesis is an alternative approach in order to reduce time, energy, or other disadvantages of the postmodification approach. Cocondensation is one of common ways for the modification purpose, owing to homogeneously incorporation of organic functional group to the interior and exterior of the bulk of silica particle. Although numerous of cocondensation modification methods have been reported for porous silica, the modification of silica nanoparticles has been less investigated [54] [55] [56] [57] .
Nanosized organofunctionalized silica particles can be obtained through a modified Stöber method using TEOS or APTES in ethanol [54] . The triethanolamine-catalyzed synthesis of extremely small mesoporous silica nanoparticles via a specific cocondensation process with phenyltriethoxysilane has been demonstrated by Kobler and Bein [55] . The size of the suspended mesoporous silica spheres is reduced by decreasing the concentration of precursor and catalyst. Monodisperse colloidal suspensions of porous nanoparticles with the size of 40 nm are utilized for the preparation of transparent homogeneous thin film by spin-coating technique. An amino-functionalized monodispersed silica with different particle size of 310-780 nm has been synthesized by direct cocondensation of 3-aminopropyltrimethoxysilane (APTMS), [3-(2-aminoethylamino) propyl] trimethoxysilane (AEAP-TMS), or 3-[2-(2-aminoethylamino)ethylamino] propyltrimethoxysilane (AEAEAP-TMS) with tetramethoxysilane [56] . The functionalized silica particles showed an excellent catalytic activity in the condensation reactions of nitroaldols.
An easy and swift pathway in preparation of amine-functionalized ∼60 nm nanosilica via cocondensation method in nonaqueous media using APTS as coupling agent was reported by Rahman et al. [57] . One Japanese group has prepared amino-functionalized silica nanoparticles from precursor mixtures of tetraethoxysilane and aminopropyltriethoxysilane in ethanol/water solutions via a one-pot solgel procedure [58] . In their method, particles with the diameter less than 200 nm have been obtained where the particle size and size distribution depend on the mixing ratios of the starting materials. The amino-functionalized silica particles have some potential biomedical applications such as carriers of enzymes, drugs, and DNA. Recently, one-pot water-oil-microemulsion technique has been used to synthesize functionalized silica nanoparticles ranging from 25 to 200 nm in a mixture of TEOS, organosilanes (3-aminopropyltriethoxysilane (APTES), 3-mercaptopropyltrimethoxysilane (MPTMS), phenyltrimethoxysilane (PTMS), vinyltriethoxysilane (VTES), and polyoxyethylene nonylphenol ether [59] .
Comparing between the two modification methods, one realize that the postmodification does not much affect the size and size distribution of the particles, where as one-pot synthesis produces a much bigger particles, of course, with low aggregation. This is due to the presence of NH 2 group that leads to the increment in the rate of hydrolysis which induces particles growth. For this reason, the use of a small amount of silane coupling agent is an advantage.
Methods for Dispersing Silica Nanoparticles in Polymer
Matrix. The techniques commonly used for the silica-polymer nanocomposite production can be categorized into three classes, that is, (i) solution mixing, (ii) in situ polymerization process, and (iii) melt mixing processes [60] . The solution and in situ polymerization processes usually produce higher levels of nanoparticle dispersion. However, melt mixing process finds favor due to its compatibility with current industrial compounding facilities. In addition, the absence of solvents makes the process environmentally benign and economically favorable. In the melt mixing processes, polymer molecules gain increased mobility through an input of thermal energy and are mixed with the fillers mechanically. In fact, melt mixing is the most favored technique to prepare the contemporary BMI-based nanocomposites [61] [62] [63] [64] . As an example, Meng et al. [62] prepared the BMI-DABPA(O,Odiallyl bisphenol A)-clay nanocomposite by first homogenously mixing DABPA and clay (2 hours), followed by melt mixing of the mixture with BMI at 130
• C. Mechanical stirrer or high-speed homogenizers are usually employed to facilitate the homogenous mixing of fillers within polymer melts. Besides, ultrasonication is also commonly used to effectively disperse the nanoparticles within the polymer matrix [52] .
Thus, a homogenous dispersion of nanofillers via melt mixing process is still a challenging aspect in the preparation polymer composite materials. Intense particle-particle attractions at nanoscale and the presence of monomers and curing agents in solid form at room temperature require effective dispersion techniques. In our unpublished work, 7 nm nanosilica particles have been homogeneously dispersed in a matrix of 1,1 -(methylenedi-4,1-phenelene) bismaleimide and 1,1 -diaminodiphenylmethane (BMI-DDM). The combination of pretreatment of nanosilica particles with ultrasonic radiation and heat, followed by agitation in BMI melt, was found to be highly effective in breaking the soft aggregates of nanosilica particles and improving the dispersion in the BMI/DDM matrix as compared to melt mixing method (Figure 12 ).
Applications of Nanosilica in Polymer Nanocomposites.
Due to the large boundary surface created by the silica nanoparticles (fillers), it is possible to produce silica-polymer nanocomposites with new and improved properties. The advantages of nanoparticles include efficient reinforcement with excellent mechanical strength, heat stability, reduced shrinkage, thermal expansion and residual stress, improved abrasion resistance, and enhanced optical and electric properties. The decrease of particle size below 100 nm enables good optical transparency, especially for silica. In addition, nanoparticles offer various property enhancements at lower loadings due to higher surface-to-volume ratio compared to the conventional particles. Therefore, nanocomposites offer exciting properties which permit their use in automotive, aerospace, electronic, and engineering applications. Table 3 summarizes various types of silica-based nanocomposites together with the resulting properties as reported in literatures [46, 59, [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] . The summary shows that the epoxies dominate over other polymers as the matrix of silica-polymer nanocomposites.
As shown in Table 3 , silica nanoparticle reinforcement in certain polymer matrixes can lead to significant property improvements, whereas in others they only provide marginal property improvements or in some cases worsening of the properties. As an example, Kang et al. [46] found that the incorporation of 400 nm silica particles into epoxy resulted in almost 13% increase in the T g and the damping behavior (tan δ) of the composite decreased with the increase in the filler content. These phenomena have been attributed to the addition of rigid silica nanoparticle which made the polymer difficult to move.
By contrast, Zhang et al. [65] , as shown in Figure 13 , observed a decreasing trend in the T g value at increasing filler content due to the plasticization effect exerted by 25 nm colloidal silica particles. However, they found the T β increased with the increasing filler content. Nevertheless, the authors did not explain this trend. On the contrary, the authors found an enhanced modulus in presence of silica nanoparticles ( Figure 13 ). The enhancement in modulus is due to the large difference in CTE of the filler and matrix, which may provide additional stress transfer under loading. On the other hand, Preghenella et al. [71] found an immonotonous variation in the thermomechanical properties of fumed silica filled epoxy composite with respect to the filler content. The T g was found decreased up to 27% as the filler content was increased from 0 to 20 phr. However, the T g was found increased at 30 phr of silica content. According to the authors, the inversion in properties trend at the highest silica content was supposed to be due to the enhanced physical immobilization effect experienced by the polymer matrix near the percolation threshold of the filler. In another work, Zhang et al. [77] , based on the DSC kinetic studies, found that the polyacrylamide-(PAAM-) modified silica nanoparticles slightly enhance the cure reactions of epoxy. Contrary effect was found for nonmodified silica nanoparticles. This interesting findings show that the silica nanoparticles not only influence the thermal mechanical properties of the nanocomposite but also play a part in the polymerization reactions of the polymer matrix, in some cases.
Filler-Matrix Interactions.
The interaction at the interface between the nanofillers and matrix is the most important factor that controls the resulting properties of the nanocomposite [3] . A strong interface between the filler and matrix can be achieved through surface modification that leads to significantly reduced filler agglomeration [46] , as shown in Figure 14 . The phenomena may be due to the interaction between functional group on the filler surface with polymer chains that increased surface charge and enhanced dispersion. The SEM analysis showed that the pure silica nanoparticles present as large aggregates (Figure 14(a) ) in the epoxy matrix. Significant improvement in the dispersion was achieved by modifying the silica surface with epoxide functional groups (Figure 14(b) ). Better thermal properties (T g and CTE) were observed for the composites prepared from epoxide-modified silica nanoparticles compared to the pure silica. Ragosta et al. [73] found that the epoxy groups reacted with the silanol groups present on the silica surface, leading to an increased interfacial adhesion. The strong interfacial adhesion increased the fracture toughness of silica-epoxy nanocomposite compared to the neat epoxy. Zhang et al. [77] found an enhanced wear resistance in the silica-epoxy nanocomposite prepared from polyacrylamide-(PAAM-) modified silica nanoparticles. This enhancement was attributed to the covalent bonding between the PAAMmodified silica and epoxy matrix. These literature studies show that it is paramount important to modify the silica surface to attain stronger interface between the fillers and polymer matrix and also to improve the filler dispersion. The strong surface interaction at the filler-polymer interface is related to the formation immobilized amorphous layer of polymer molecules on the nanoparticles. The thickness of the layer depends on the degree of dispersion, size, and types of nanofillers but independent from their shapes that resulted in unique properties of nanocomposites [80] [81] [82] [83] [84] . Thus, the use of nanosize fillers offers a great benefit to the nanocomposites compared to the traditional composites.
Summary
Silica nanoparticles are widely applied as fillers in silica-polymer nanocomposites. The most commonly used route for synthesizing silica nanoparticles is sol-gel method due to its ability to produce monodispersed with narrow-size distribution nanoparticles at mild conditions. However, a critical challenge in the preparation of nanocomposites is the homogeneity in the mixing between the filler and organic components. This can be achieved through surface modification of silica by using silane-coupling agents. Other than applications covered in this paper, surface modification makes the possibility to graft or conjugate the nanostructured silica with polymers or proteins for future applications in biotechnology and medicine such as dental filling composites, cancer treatment, and drug delivery. We hope that this paper will provide some insight knowledge in synthesis of nanosilica by sol-gel and surface modification process for researchers working in nanocomposites.
